EPR imaging has emerged as an important tool for noninvasive three-dimensional (3D) spatial mapping of free radicals in biological tissues. Spectral-spatial EPR imaging enables mapping of the spectral information at each spatial position, and, from the observed line width, the localized tissue oxygenation can be mapped. We report the development of EPR imaging instrumentation enabling 3D spatial and spectral-spatial EPR imaging of small animals. This instrumentation, along with the use of a biocompatible charcoal oximetry-probe suspension, enabled 3D spatial imaging of the gastrointestinal (GI) tract, along with mapping of oxygenation in living mice. By using these techniques, the oxygen tension was mapped at different levels of the GI tract from the stomach to the rectum. The results clearly show the presence of a marked oxygen gradient from the proximal to the distal GI tract, which decreases after respiratory arrest. This technique for in vivo mapping of oxygenation is a promising method, enabling the noninvasive imaging of oxygen within the normal GI tract. This method should be useful in determining the alterations in oxygenation associated with disease.
Tissue oxygenation is an important regulator of physiological function, and alterations in oxygenation are of critical importance in the pathogenesis of disease. Oxygen concentrations vary greatly in different tissues and are modulated by alterations in vascular flow and metabolic work. Therefore, there has been a great need for noninvasive techniques suitable for measurement and spatial mapping of oxygen in models of disease and in humans.
In the gastrointestinal (GI) tract, tissue oxygen tension has been used to assess intestinal function and viability (1, 2) . Oxygen tension varies in bowel ischemia where there is limited perfusion and in inflammatory bowel disease (3) . Past techniques for measurement of oxygen tension in the GI tract have been based primarily on modified Clark electrodes with surgical laparotomy or endoscopy (1, 4, 5) . The invasive nature of these methods has limited greatly the ability to perform measurements of oxygen in the clinical diagnosis and treatment of disease, as well as in animal models of the pathogenesis of disease (6) (7) (8) (9) . In addition, there are concerns that these invasive methods with external cannulation could perturb the values of oxygen that are measured. Thus, there is a great need for a noninvasive technique suitable for in vivo measurement and spatial mapping of oxygen within the GI tract.
EPR imaging techniques have enabled the spatial mapping of paramagnetic species in isolated organs and other ex vivo or in vitro biological systems (10) (11) (12) (13) (14) (15) (16) . With the use of suitable oximetry probes, this technique can measure tissue oxygenation or oxygen tension. Molecular oxygen is paramagnetic; it produces line width broadening caused by spin-spin interaction of oxygen with the probe, and the magnitude of this broadening is a function of the concentration of oxygen. Although spatial EPR imaging provides a map of spin distribution in the sample, spatial EPR imaging does not provide information related to spectral line shape (16) (17) (18) . However, spectral-spatial imaging techniques have been developed to enable spatial imaging with determination of the EPR line shape at each spatial point (13, (19) (20) (21) . Thus, by using these spectral-spatial imaging techniques, oxygen concentration or tension can be imaged.
We report the development of instrumentation enabling three-dimensional (3D) spatial EPR imaging as well as spectral-spatial EPR imaging of small animals. This instrumentation was applied to map oxygen tension within the lumen of the GI tract by using a charcoal oximetry probe that is suitable for clinical use. Spatial EPR 3D imaging enabled visualization of the spatial structure and anatomy of the GI tract, whereas spectral-spatial EPR imaging enabled measurement of the oxygen tension at different locations. This methodology enables noninvasive mapping of oxygenation in living animals and has potential for clinical applications for humans.
MATERIALS AND METHODS
Spin Probe. Activated charcoal (American Norit, Milwaukee, WI) was used as the EPR oximetry probe. The charcoal was mixed with glucose in a 1:1 (wt͞wt) ratio and stirred thoroughly with water to a semisolid form. This mixture was used to feed the mice before the EPR imaging experiments.
Mouse Preparation. C3H mice weighing Ϸ30 g were used. Before feeding the mice with charcoal, solid-food intake was stopped for 12 h, after which the mice were fed a mixture of charcoal and sugar for 24 h. The mice then were anesthetized with 20 mg͞kg pentobarbital by i.p. injection. With this dose, anesthesia could be maintained for a period of Ϸ2 h. To ensure that neither anesthesia nor microwave heating on placement inside the EPR resonator altered the core body temperature of the mice, measurements were performed in selected mice with a BetaTherm (Shrewsbury, MA) thermal resistor rectal probe. It was observed that the body temperature remained stable at 37 Ϯ 1°C for the typical 2-to 3-h period of experimental measurements. The tail vein was cannulated to allow administration of additional anesthesia as required, which enabled both the extension of the duration of anesthesia for periods of The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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4 h and the rapid induction of respiratory arrest by pentobarbital overdose. In some animals, to assure further that the GI tract was filled with the label, a bolus (0.5 ml) of activatedcharcoal suspension also was infused after intubation of the stomach. No adverse effects were noted with charcoal feeding, even after continuous feeding for 3 days. Animals survived the feeding and imaging, unless purposely killed in the experimental protocol. For experiments in which respiratory arrest was induced, the mice were given an overdose of pentobarbital by rapid bolus intravenous infusion of 20 mg of the drug. A total of 12 mice were studied for the spatial and spectral-spatial imaging protocols described. EPR Imaging Instrumentation. EPR spectroscopy and EPR imaging experiments were performed by using instrumentation consisting of a 750-MHz narrow-band rf bridge, a transverse electric-field reentrant resonator (22) , and three sets of water-cooled gradients. Fig. 1 shows a block diagram of the EPR imaging instrument. The magnetic-field system uses a 15Љ pole diameter iron-core electromagnet, custom-designed ring shims with gaps of 116 mm, and 3D water-cooled gradient sets consisting of a set of Maxwell coils for the z axis and rectangular pair coils for the x and y axes, each capable of gradients of up to 120 G͞cm. The static field was regulated with a double-Hall-probe arrangement to compensate for z gradientinduced field pulling, and the Hall probes were positioned precisely for null gradient field along the x and y axes. The gradients were powered with home-built six-channel switching operational amplifier-based supplies capable of up to 1 kW per channel. A Bruker (Billerica, MA) field controller (ER032M) and signal channel (ER023M) were used. We designed the transverse electric-field reentrant resonator with a transverse capacitive element that facilitates access to the capacitive gap, enabling the tuning of the frequency and capacitive coupling. This resonator was capable of accommodating and measuring a cylindrical volume of up to 45 mm in diameter and 60 mm in length. A detailed technical description and analysis of this resonator has been reported (22) . Fig. 2 shows a block diagram of the narrow-band rf bridge. Data acquisition and image reconstruction for 3D spatial or spectral-spatial EPR imaging were performed with imaging software written for a personal computer interfaced to the spectrometer as described (21, 23) .
Oximetry Calibration and Measurement. Measurements of the line width of activated-charcoal suspension after equilibration with a series of oxygen and nitrogen gas mixtures were performed with the 750-MHz spectrometer. Calibration was performed over the oxygen-concentration range (0-21%) with oxygen͞nitrogen gas mixtures. In these experiments, the time response of the observed line width changes was measured, and equilibration for a given oxygen tension occurred in less than 5 min. It was observed that the oxygen-dependent line width of these charcoal suspensions was stable and unchanged even 1 week after preparation. No significant alterations in oxygen-dependent broadening were seen over the temperature range from 24°C to 37°C. The oxygen sensitivity also was unaffected after oral ingestion in mice after periods of 3 days or more. The O 2 tension values from the spectral-spatial image Coregistration of Images with Anatomy. The linearity of the spatial frame of the imaging volume and its correspondence to true dimensions was established through a series of prior validation imaging experiments on arrangements of precisely separated point samples along the x, y, or z axis, as well as on 3D phantoms of known geometry. From these measurements, the position of the gradient center with respect to the longitudinal x axis of the sample holder was determined and marked, as well as that for the y and z axes. A reference mark also was placed at the center of the abdomen to align the x and z axes. The animal in the prone position was placed in the holder, with the marks on the holder and abdomen aligned. This positioning ensured that the longitudinal gradient center plane (x) and the transverse gradient center plane (z) were superimposed on the reference mark at the center of the abdomen. After the animals were killed, necropsy was performed, and the actual distance along the x axis of organs and sections of the GI tract from the reference plane was measured. This procedure enabled confirmation of the assignment of particular regions of the image to the sections of the GI tract.
RESULTS AND DISCUSSION
The EPR line width of activated charcoal is sensitive to oxygen because of spin-spin coupling of paramagnetic oxygen molecules with the unpaired electron of activated charcoal. Activated charcoal has been used to measure oxygen tension in mammalian cells and tissues (14, 24) . In the present study, we used activated charcoal as spin label to measure oxygen concentration inside the GI tract of mice. The activated charcoal was mixed with glucose to make it nutritious and to enhance its spontaneous oral intake by the mice. The mice were allowed to feed on the charcoal-sugar diet for periods of 24-72 h before measurements were performed.
The EPR line width of a charcoal and water suspension was calibrated as a function of oxygen tension. The line width was 1.50 G in room air, and under anaerobic conditions, the line width was 0.80 G (Fig. 3) . Over the physiological oxygenconcentration range (0-21%; 0-160 torr), the line width varied in a nonlinear manner as shown in the inset of Fig. 3 . The experimental calibration curve was fitted with a power function L ϭ 0.80
), where L is the peak-to-peak line width of the activated charcoal and [O 2 ] is the oxygen concentration.
Validation measurements for spatial and spectral-spatial EPR imaging were performed on a phantom containing the charcoal suspension. These measurements served to test the quality of 3D spatial EPR imaging, as well as the accuracy of the line width and oximetry values obtained with spectralspatial imaging. The same amount of the suspension was filled into two centrifuge tubes: one equilibrated in room air and the other deoxygenated with sodium hydrosulfite. Fig. 4A shows a photograph of the phantom, and Fig. 4 B and C shows the 3D spatial image and spectral-spatial profile of the phantom, respectively. From Fig. 4B , we observe that the 3D spatial EPR image provides accurate information regarding the spatial distribution of the spin probe. The line width data obtained from the spatially resolved spectral data (Fig. 4C ) are in good agreement with the calibration obtained by EPR spectroscopy (Fig. 3) .
In preliminary experiments with mice fed charcoal for periods of 24-72 h, it was observed on laparotomy that 24 h of feeding was sufficient to fill the GI tract from the stomach to the distal colon and rectum. In vivo EPR measurements performed on these mice also showed that a maximum EPR signal was observed with 24 h of charcoal feeding, and no further increase occurred with longer periods of feeding. Therefore, EPR imaging experiments were performed on mice after 24 h of charcoal feeding. The mice were anesthetized and placed inside the resonator facing down, and then 2D spectralspatial imaging and 3D spatial imaging measurements were performed. Fig. 5A shows a photograph of the mouse with demarcation of the active area imaged, whereas Fig. 5B shows the corresponding surface rendered 3D spatial EPR image. The 3D spatial EPR image data enable visualization of the location of the charcoal probe in the GI tract from the stomach, to the duodenum, mid and distal small intestine, as well as the ascending colon, transverse colon, descending colon, sigmoid colon, and rectum. Cross-sectional cuts through the 3D image enable visualization of the internal structure of the GI tract at different levels (Fig. 6) . Cross-sectional cuts at the level of the mid stomach enable visualization of the fundus and pylorus of the stomach (Fig. 6, slice a) . A more distal cut shows the lumen of the mid duodenum (Fig. 6, slice b) . A further distal cut shows a cross section through the ascending colon, small intestine, and descending colon (Fig. 6, slice c) . The most distal cut shows the lumen of the rectum (Fig. 6, slice  d) . The spatial image data seen in Figs. 5 and 6 corresponded to the anatomic structure and charcoal distribution found on postmortem laparotomy. In Fig. 5C , the corresponding 2D spectral-spatial image along the longitudinal axis of the mouse from the proximal to the distal GI tract is shown. The line width was measured along the longitudinal axis and was found to decrease from the proximal to the distal GI tract. For each of the planes shown in Fig. 6 the oxygen concentration was calculated from the observed line width data.
To confirm the decrease in line width and oxygenation from the proximal to the distal GI tract, experiments were performed with administration or feeding of the animals for discrete times, after which EPR measurements of line width were taken and the animals were killed to verify anatomic location. With acute infusion, after 15-30 min, the line width values and calculated oxygen tensions were in the range of 50-60 torr, in agreement with the values obtained from the imaging at the level of the stomach (58 Ϯ 15 torr). Both 3D spatial EPR imaging and laparotomy confirmed that the charcoal was present primarily in the stomach. After acute feeding followed by 2 days, the charcoal oximetry probe was found on autopsy in the distal colon and rectum; the oximetry values obtained before the mice were killed were similar to those from the imaging experiments (3 Ϯ 1 torr) .
After respiratory arrest, systemic oxygen concentrations fall, and it would be expected that oxygenation within the gut also would decrease; however, the time course of this process at different levels of the GI tract is not known. To determine the effect and time course of alterations in oxygenation within the GI tract after respiratory arrest, mice were administered an overdose of pentobarbital by i.v. infusion. The variation of oxygen concentration was obtained as a function of time with a series of 2D spectral-spatial imaging measurements. At the end of the spectral-spatial measurements, 3D spatial imaging was performed to obtain 3D mapping of the distribution of the charcoal spin label. This 3D mapping enabled coregistration of the spectral-spatial image with the 3D spatial image, which, in turn, facilitated assignment of the spectral data and calculated oxygen values within the GI tract. Fig. 7A shows a plot of the line width data as a function of spatial position obtained from spectral-spatial EPR imaging of a living mouse, and Fig. 7B shows the line width data vs. spatial position obtained from spectral-spatial EPR imaging of the mouse 30 min after respiratory arrest. Before arrest, the line width along the GI tract-and thus the oxygen concentration-decreased from the proximal GI tract to the distal GI tract. After arrest, the oxygen-tension differences greatly decreased. In a series of six animals subjected to this imaging protocol, similar results were observed both before and after respiratory arrest.
The time course of the change in oxygen within the GI tract after respiratory arrest was followed by spectral-spatial imaging for 2 h after arrest. The oxygen tension was calculated from the observed line width data obtained in these images. Although, before arrest, the oxygen tension at the level of the mid stomach (Fig. 6, slice a) was 58 Ϯ 15 torr, it decreased rapidly within the first 5 min after arrest to a value of 22 Ϯ 4 torr (Fig.  8, line a) . At the level of the mid duodenum (Fig. 6, slice b) , the oxygen tension was 32 Ϯ 8 torr before ischemia, and it decreased to 14 Ϯ 3 torr only 5 min after arrest (Fig. 8, line b) .
At the level of the mid small intestine and mid colon (Fig. 6 , slice c), the oxygen tension was 11 Ϯ 3 torr before arrest and decreased gradually over 30 min to 5 Ϯ 1 torr (Fig. 8, line c) . At the level of the distal sigmoid colon-rectal junction (Fig.  6, slice d) , the basal oxygen tension was 3 Ϯ 1 torr, and it gradually decreased to 0.5 Ϯ 0.3 torr over 30 min (Fig. 8,  line d) .
The observed oxygen gradient seen along the GI tract can be explained by a combination of processes. When food is swallowed, it would be initially equilibrated with the oxygen tension of room air. On passage to the stomach and later the small intestine, the oxygen levels would fall as oxygen diffuses across the mucosal membrane. A gradual process of equilibration with the capillary levels of oxygen (i.e., 5-10 torr; ref.
9) would occur. On passage to the colon, with its heavy bacterial colonization, further decreases in oxygenation would be expected. The presence of marked hypoxia within the lumen of the distal colon is consistent with the known abundance of anaerobic bacteria at this site. Activated charcoal is commonly used in humans for the clinical treatment of a variety of types of oral poisoning or drug overdose. Activated charcoal also is used in oral medications for the treatment of indigestion. As such, it is known to be well tolerated in humans. Although the material used in the present study was a commonly available charcoal, a number of laboratories have shown that with special controlled formulations or types of chars, both the paramagnetic content and the oxygen-dependent line width broadening can be enhanced (25, 26) . With future development and application of optimized formulations, it would be expected that further enhancement of the image quality and sensitivity of oxygen measurement could be achieved.
It was observed that the charcoal oximetry spin probe was nontoxic and well tolerated with feeding for up to 3 days. In animals fed with this spin probe, spatial EPR imaging enabled clear 3D spatial visualization of the entire GI tract distal to the esophagus. With spectral-spatial imaging, spatial differences in oxygen tension could be mapped. Differences in oxygen tension at levels from the stomach to the small intestine, colon, and rectum were determined and mapped as a function of time. These measurements show that there is a marked oxygen gradient from the proximal to the distal GI tract. Because the charcoal probe used is nontoxic and suitable for oral administration in humans, this technique of oxygen mapping in the GI tract may be applicable for clinical use in humans once suitable clinical instrumentation is developed. With further advances in EPR imaging instrumentation for in vivo applications and the development of optimized solid-state oximetry probes, this technology holds great promise for noninvasive measurement and imaging of oxygen in animal models of disease and as well as eventual clinical use in humans.
